experiment in which a guqin music performance was recorded and individual listeners were asked to move their arm along with the music that they heard. Movement velocity patterns were extracted from both the musician and the listeners. The analysis reveals that the listeners' movement velocity patterns tend to correlate with each other, and with the movement velocity patterns of the player's shoulders. The findings support the hypothesis that listeners and player share, to a certain degree, a sensitivity for musical expression and its associated corporeal intentionality.
social musical interaction (Clayton, 2007; De Bruyn, Leman, Demey, & Moelants, in press; De Bruyn, Leman, & Moelants, 2008; Keller, 2008) .
In short, in our understanding of music perception, movement often has been at the focus of attention, through notions that imply the sharing of musical expression and the coupling of perception and action. Thanks to recent developments in technology a direct study of expressive body movement in relation to music perception now is possible , although measurement and direct evidence still is hindered by a number of methodological difficulties, such as the identification of reliable movements, and their distinction from unreliable or arbitrary movements (Wanderley, Vines, Middleton, McKay, & Hatch, 2005) . In addition, there are particularities of data analysis that deserve special attention, because movement data are time series and the data-analysis of time series is known to be difficult especially when human movement is involved (Desmet, Leman, Lesaffre, & De Bruyn, in press) .
The aim of the present paper is to explore whether music expression can be studied and understood within the paradigm of embodied music cognition (Leman, 2007) , using empirical methods that comply with the particularities of music-driven human movement. In the embodied music cognition approach it is assumed that the human body is the natural mediator between experience and physical reality. Music-driven movements of the listener are seen as corporeal articulations that reveal a mirroring (in movement) of the perceived sonic moving forms. Through this mirroring, it is assumed that musical expression can be captured more fully, experienced, and understood.
Correlations of music-driven movements among listeners would support the hypothesis that their embodied perception of music expression is shared. Correlations between listeners and the player would further support the hypothesis that there is a link between what listeners perceive as expression, and what the player produces as expression. A correlation would support the idea that listeners can somehow decode (and reveal through music-driven corporeal articulations) the expression that the player has encoded in the musical audio.
A major research question is how the above hypothesis of embodied music cognition can be tested and further explored. In the present paper, we use fragments of Chinese guqin music as stimuli in an experiment that measures and compares music-driven corporeal articulations.
The guqin (pronounced ku-chin in English) is interesting for our purpose. The instrument belongs to the family of the zither, a plucked stringed instrument. It consists of a long and narrow hollow wooden box that functions as a sound box and whose upper part functions as a fretless fingerboard on top of which there are seven strings attached, each about 110 cm long. The strings are tuned to a pentatonic scale. The way in which guqin music is played, namely by plucking the string with the right hand and moving the finger of the left hand over the string, makes it suitable for a detailed study of the relationship between movements of listeners and movements of the player. Indeed, the guqin has no bow, and fingering is directly related to sound, as there are no frets to interfere within the sliding. Although the playing technique is rather complex, the sliding tones in guqin music can be conceived as sound patterns that reflect aspects of the playing movement, without much intermediate technology. Guqin music is thus of particular interest to embodied music cognition research because the encoding of playing gestures into sound patterns proceeds in a relatively direct way, which facilitates the study of possible relationships between movement and sound (see Li & Leman, 2007) .
The methodology that we developed for this study has a focus on the registration and extraction of the movement velocity. The data analysis is based on a technique that combines the correlation of time series with cost functions that account for local time shifts of the recorded time series (Desmet et al., in press ).
Method
In this study, we made an audio, video, and movement recording of three fragments of guqin music. Then we asked listeners to listen to these fragments and respond by spontaneously moving a telescopic stick along with the music. The movements of the listeners were recorded.
Stimuli
The musical stimuli used in this experiment were three musical fragments (P1, P2, P3) of the traditional Chinese piece "Missing an old friend" played on the guqin by Henbing Li, an experienced guqin player educated at the Central Conservatory of Music in Beijing. Each fragment had a duration of about 30 s. Of the three musical fragments, P1 and P2 have a rather fluent melodic line that is clearly structured. In contrast, P3 has a more narrative character with a less fluent melodic line. The fragments contain pitch slidings (in glissando and vibrato patterns), which is typical for guqin music. None of the fragments has a clear regular beat. The audio and video of this performance was recorded on hard disk.
1 In addition, a motion capturing system with infrared cameras was used to monitor the movements of 11 different markers attached to the joints of the musician (Figure 1 , see color plate section). The movements were recorded at a sampling frequency of 100 samples/s using the Qualisys Motion Capture System (www.qualisys.com).
Task
During the experiment, listeners were asked to move a joystick while listening to the music through headphones. Each fragment was preceded by five short beeps in order to announce the next fragment. The joystick was attached horizontally to a stand. A telescopic stick, which allowed free movement of the arm in a considerable space in front of the participant, was attached to the joystick and participants were asked to move this stick with the right or left arm (see Figure 2 in color plate section). The adapted joystick (Saitek ST 90) was connected to a computer via USB, using the musical software AnalogBox (www.andyware.com). The movements were recorded in a two-dimensional plane, using horizontal and vertical coordinates. The movement data were stored on hard disk at a sampling frequency of 100 samples/s. After each session, listeners were asked to fill in a questionnaire where they gave an assessment of their performance.
Participants
Thirty participants (13 men, 17 women) participated in the experiment. They were selected from a database of participants that was set up in the context of a musical audio mining project (MAMI) at Ghent University (Lesaffre et al., 2008) . None of the participants knew Chinese guqin music. All the participants explicitly agreed that their data might be used for scientific research. The age of the participants varied from 21 to 35 years with an average of 27.6 years. Fifteen participants played an instrument. On average, the participants listened to music 19.6 hours (SD = 13.1) per week. Participants were paid 10 Euro for their participation to the experiment.
Procedure
Participants were asked to fill in a questionnaire about gender, age, musical background, listening hours per week, absolute pitch perception. In order to become familiar with the equipment before the start of the experiment, participants were asked to move the joystick while listening to a musical fragment by Chopin (Preludes in C major-24 Preludes Opus 28). The fragment was chosen to acquaint participants with the joystick and the task of moving along with music. Participants could practice as many times as they wanted. The experiment itself then consisted of four sessions that followed each other. In between sessions, participants received information about guqin music. After the first session, participants could listen to the music as much as they wanted. After the second session, participants could inspect a graphical score, and after the third session, participants could watch the video of the player. After each session, participants reported on their own performance (the processing of these data is not contained in the present paper). The four sessions enter into the analysis in order to check consistency and possible learning effects.
Each session contained the same three pieces (P1, P2, P3) of guqin music, played in the same order. The participant had to listen and move to the same piece twice in a subsequent repeated trial as in: P1-P1-P2-P2-P3-P3. The repeated piece was always separated by a short break. Between pieces, a slightly longer break was used. Each participant took part in 12 trials (three pieces in four subsequent sessions).
Data Analysis
The movement velocity pattern is a time series whose values give the amount of displacement over subsequent time units. Given a lack of frequencies above 2 Hz, the sampling rate of the movement velocity patterns could be reduced to 4 samples/s, which corresponds to subsequent time units of 250 ms. The displacement is based on three dimensions in case of the infrared camera system, and on two dimensions in case of the joystick. However, in the movement velocity pattern, three or two dimensions are reduced to one single dimension, so that a comparison between movements recorded with both systems becomes possible.
In calculating the correlation between any two movement velocity patterns, both the raw and the warped patterns are studied. Raw patterns are just the original movement velocity patterns, while warped patterns are based on dynamic time warping (see Appendix), which is a technique that allows local time shifts of values in time series. The warped time series compensates for the fact that movements of the listener can be locally time shifted as compared to the player's movements, due to anticipation or delay. In this study, the dynamic time warping envelope was restricted to a maximum of 750 ms (which corresponds with three movement velocity samples). Figure 3 (see color plate section) gives an example of the dynamic time warping technique. Correlation of warped movement velocity patterns can produce better results than correlation of raw movement velocity patterns because there can be a better match between the peaks of the patterns. However, this improvement is not guaranteed (see Appendix). The number and nature of the local shifts can be calculated as a cost of the dynamic time warping, which can be taken into account in the analysis. For example, in the section on listener-player correlations, this cost is taken into account in order to determine the body part of the player that best correlations with the arm movements of the listener.
Data analysis is based on intralistener correlations, interlistener correlations, and listener-player correlations: (i) Intralistener correlations address each participant's ability to repeat movement velocities during a subsequent repeated listening of a piece (e.g., as in P1-P1 or P2-P2). The number of significant correlations (p < .01) reflects the extent to which the population can perform this task in a reliable (that is, repeated) way. For that reason, these performances are also called reliable performances. The choice for p < .01 as a criterion for making the distinction between reliable performances and unreliable performances was based on a detailed inspection of the number of correlated movement velocities. (ii) Interlistener correlations address the relationships among the movement velocity patterns of listeners. (iii) Listener-player correlations address the correlations between movement velocity patterns of listeners (one variable) and the movement velocity patterns of the different joints of the player (11 variables).
Results
A repeated measures ANOVA revealed that there were no effects of gender, age, musical background, listening hours per week, and absolute pitch perception. This is in agreement with the fact that all participants were unfamiliar with the music. Therefore, these effects were discarded from further analysis. Figure 4 shows the relative amount of reliable performances as a mean value for all participants, using the unwarped patterns. The amount increases for the three fragments P1, P2, and P3 over the sessions S1, S2, S3, S4. This increase works best for fragment P1 and fragment P2, where it goes from above 40% in session S1 to about 70% in session S4. Instead, for fragment P3, there is only a slight increase, as the number goes from 40% to about 45%. The optimal fit was calculated by selecting the maximum R 2 value for different regression types. The best fit was obtained using a second order regression. GLM (General Linear Modeling) for Repeated Measures (Tables 1a and 1b ) revealed a significant difference between pieces (p < .05), a significant effect of session for a linear model (p = .005) and no significant interaction between session and piece. This means that, for reliable performances, participants tend to improve in their performance for all pieces over sessions.
Intralistener Correlations

ANALYSIS OF RAW MOVEMENT PATTERNS
266 Marc Leman, Frank Desmet, Frederik Styns, Leon van Noorden, & Dirk Moelants FIGURE 4. The relative amount of reliable performances as a mean value for all participants, using the unwarped patterns.
ANALYSIS OF WARPED MOVEMENT PATTERNS
The results obtained with the dynamic time warping technique applied are shown in Figure 5 , and Table 2a and 2b (for the GLM analysis). The number of reliable performances over session is from 65% to 85% for P1, and from 60% to 70% for P2. With warped data, P3 gets 35% to above 40%. The results with warped data are not very different from the results with unwarped data, suggesting that participants do not anticipate or delay their own performances. In both cases, the major result is the number of reliable patterns, which indicates that listeners can repeat their own movements when listening to the same piece that is immediately repeated. However, this number depends on the character of the piece, as the differences between P1 and P2 with respect to P3 clearly illustrate.
Sharing Musical Expression 267 Piece 3 FIGURE 5. The relative amount of reliable performances as a mean value for all participants, using the warped patterns.
Interlistener Correlations
The number of interlistener correlations based on the raw data of all reliable (p < .01) performances were low ( Figure 6 ), but with warped data interlistener correlations were obtained in about 50% of the movements for fragments P1 and P2, and about 30% for fragment P3 (Figure 7 ). This seems to indicate that movement velocities of different participants display some anticipation and delay. GLM for Repeated Measures (Table 3a , related to Figure 7 ) revealed a significant difference between pieces (p < .01). In addition, the analysis showed a significant effect over session (p = .002) and a somewhat weak interaction between session and piece (p < .01) for a cubic model. The latter may be attributed to the slightly deviant trend of fragment P3, compared to fragments P1 and P2. The rubato narrative character of fragment P3 seemed to have a less pronounced degree of interlistener agreement, but a higher degree of personal interpretation as sessions proceed.
Listener-Player Correlations
In studying the correlation between listener and player we used the movement data from each listener and compared these with the movement data of the different joints of the player. The joints of the player were labeled as follows: J1 = head, J2 = left shoulder, J3 = left elbow, J4 = left wrist, J5 = left thumb, J6 = left ring finger, J7 = right shoulder, J8 = right elbow, J9 = right wrist, J10 = right middle finger, J11 = right index finger (see Figure  8) . In this comparison, we used the dynamic time warping technique by considering the total number of local shifts as a cost. This cost was then taken into account with the correlation analysis. Figure 9 shows that there is an interesting relation between correlation and cost. The higher the correlation obtained (horizontal axis), the lower the cost it takes to achieve this (vertical axis). This analysis therefore clearly shows that the movement velocity of the right shoulder of the player (J7) has the highest average correlation and the lowest cost compared with the arm movement of the listeners. Based on the movement velocity patterns of 11 different joints, the player's movements can be classified, using cladogram analysis, into four different groups, namely right hand, left elbow and left hand, head and right elbow, and shoulders ( Figure 9 ). The cladogram analysis (using Phylip, http://evolution.genetics.washington.edu/ phylip.html) aimed at organizing a given set of movement data according to character state changes in the corresponding encoded sequences. Based on the above results, we selected the right shoulder (J7) as the reference movement that will be used for further comparison with movements of the listeners.
The average number of correlations between unreliable performances and the player's right shoulder (J7) are below 40% for all fragments (Figure 10 ). GLM for 270 Marc Leman, Frank Desmet, Frederik Styns, Leon van Repeated Measures for unreliable movements revealed no significant effect over session. Figure 11 shows the results for reliable performances. The average number of significant listener-player correlations is between 40% and 55% of the total amount of reliable performances. For fragment P1 and P2, there was a trend towards an increasing amount of correlations over sessions, whereas for fragment P3, the trend decreased. GLM for Repeated Measures revealed a significant effect over piece (p < .001) (Table 4a ) and a significant effect over session (p = .005) (Table 4b ). This result corresponds to previous findings that the movements depend on the nature of the musical pieces. The number of correlations, still up to about 40% for P1 in the case of unreliable performances (Figure 10 ), may be explained by the fact that these performances may still contain movements that are in tune with those of the player. Indeed, unreliability is merely related to the fact that the listener did not repeat the movement in the subsequent trial. However, it is not excluded that one out of the two movement velocities of the repetitive trial has indeed some correspondence with the movement velocities of the player. The distinction between reliable and unreliable performances is indeed rather robust. However, in general, the percentages of the unreliable performances are significantly lower than the ones of the reliable performances. These results contribute to the hypothesis that the movement velocities of the listeners' arm tend to correlate with the movement velocities of the player's shoulder.
Discussion
Methodology
From a methodological point of view, we believe that the repeated listening design (using musical excerpts of 30 s) provides an interesting method for determining whether a music-driven movement is reliable or not. It was assumed that listeners who found a proper motor strategy to express their movement in tune with music (during these 30 seconds) would not radically change their strategy during a second performance that immediately followed the first one, while listeners who found that their motor articulations were out of tune with music would be inclined to change strategy and therefore give a different performance during the second trial. Thus, high correlation between successive performances (e.g., P1-P1) would indicate reliable performance, while low correlation would indicate unreliable performance. The measurement of the correlation between the two repetitive performances thus offers an objective criterion for accessing movement reliability. The analysis of the movement data further reveals that better results can be obtained with warped movement patterns than with unwarped movement patterns. Improved results with warped data account for the fact that participants may show different adaptations (reacting faster or slower) to the presented musical excerpts. Data about the listeners' subjective evaluation of their own performance (based on a questionnaire after each session, but not reported in detail in the present paper) are consistent with the objective observation of reliable performances. The participants were asked to evaluate the degree of difficulty, discrepancy, and satisfaction of their performances over the pieces and the sessions. Using cross tabulation (chi-square) it was found that the evaluation changed primarily over the pieces and slightly over the sessions. Although further details go beyond the scope of the present paper, it is of interest to mention that, for reliable listener performances, a significant correlation was found between an objective measure (based on the repeated listening design explained above) and a subjective measure (based on the self-assessment of the listener's own performance). No such relationship was found for the unreliable performances.
Interlistener and Listener-Player Correlations
The results for interlistener correlations support the hypothesis that listeners share the movement velocity patterns of music-driven corporeal expressions, and thus the embodied perception of expression during listening to music. In addition, the results for listenerplayer correlations support the hypothesis that there may be a link between what listeners perceive as expression, and what the player produces as expression. This link is established through corporeal articulations that accompany music playing and music listening. The data seem to support the idea that listeners can somehow decode the expression that the player has encoded in the musical audio. The results also contribute to the hypothesis that the embodiment of music expression has a grounding in social communication.
Obviously, the two hypotheses, namely interlistener correlation, and listener-player correlation, are not completely independent. If the movement velocity patterns of the listeners correspond with the movement velocity patterns of the player('s shoulder), then it can be expected that the movement velocity patterns of the listeners are also related with each other. Our analysis seems to confirm this relationship between the two hypotheses.
The Role of Music
The number of interlistener and listener-player correlations could depend on the nature of the musical fragment. The fragments with a melodic pitch line (P1 and P2) scored better than the fragment with a broken melodic, and thus more declamatory, pitch line (P3). It was noticed that fragment P3 displays an interesting difference between intra and intersubject analysis. The intrasubject analysis suggests that listeners tend to improve their embodied perception for P3 over session, while the intersubject analysis suggests that listeners tend to drive away from a common interpretation. The two trends can be explained by the fact that listeners develop their own embodied listening solution to P3 in a consistent way, but their embodiment solution differs from each other. In this particular example, the lack of a shared intersubjective embodied listening solution may be due to the narrative character of the piece. The results suggest that melodic fragments may induce a higher degree of intersubjective share among listeners than narrative fragments, as the latter have more appeal to individual interpretation. In other words, listeners are more consistent among each other in the interpretation of melodic fragments than in the interpretation of narrative fragments, and this increases with session. This indicates that the listeners' shared music-driven corporeal articulations depend on the character of the music, that is, on musical parameters such as melodic line and prosody that have the power to activate movement.
Similar results have been found in De Bruyn et al. (2008) . Although in this study, the group condition outperformed the individual condition, there was a major effect of musical piece, in the sense that some pieces, although similar in tempo, activated body movement better than other pieces. We believe that the differences between P1, P2, and P3 can be attributed to a similar effect of musical piece. The melodic lines of P1 and P2 are easier to express, and hence, their expression is easier to share. However, the precise relationship between acoustical features and musical structure on the one hand, and the movement features of its coarticulated corporeal expressions on the other hand needs further investigation.
The Role of Learning
The present study did not focus on learning, although the use of four sessions, mainly intended to test the consistency among the listeners' movements, revealed some interesting aspects. The significant improvement of the results over the four sessions for P1 and P2 seems to indicate that aspects of learning may be involved. The more the participants got acquainted with the guqin music, the more they shared each others' velocity of coarticulated corporeal expressions. This is in line with the idea that embodied listening responses may involve implicit learning, and hence, that the shared expression among participants may be enhanced in response to repeated exposure to music. However, learning may depend strongly on the character of the music, since P3 shows no such learning effect.
The Role of Shoulders
Analysis of the relationship between the movement velocity patterns of the joints of the player (Desmet & Leman, 2008) reveals that the head is often in advance of the actual playing gesture. Studies on the kinematics of human movement of arms and hands show that the elbow and wrist are loosely coupled, whereas the shoulder and elbow are tightly coupled (Bosga, Meulenbroek, & Swinnen, 2003; d'Avella, Fernandez, Portone, & Lacquaniti, 2008; Lacquaniti and Soechting, 1982) . Large-scale movements are carried out primarily using the proximal joints of the upper limb (shoulder and elbow), whereas small-scale movements are carried out by the most distal joints (wrist and fingers). Playing the guqin can be seen as the combination of both largescale (shoulder-elbow) and small-scale (wrist-finger) movements. While playing, the head seems to indicate movement intention, and the movement of the shoulder can be considered as a large-scale movement that is related to the small-scale control of sound production gestures. The left arm is involved in large-scale transversal (or horizontal from the viewpoint of the player) movements from one position to another position on the guqin strings, and in small-scale (also transversal) movements that focus on pitch sliding. The large-scale movements are technical and not directly related to the sonic image, whereas the small-scale movements leave a direct sonic trace in terms of pitch modulation (such as glissandi and vibrato, as shown in Li & Leman, 2007) . The right arm is mainly moving in the sagittal plane, which is perpendicular to the string (or vertical from the viewpoint of the player), for plucking purposes.
An analysis of the player's movements (Desmet & Leman, 2008) shows that the movement of the right shoulder (J7) and the right elbow (J8) correlate better (mean correlation coefficient for the three pieces = .61) than the movement of the left shoulder (J2) and the left elbow (J3) (mean correlation coefficient for the three pieces = .25). This is consistent with the finding that the listeners' movements correlate more with the right elbow than with the left elbow (see Figure 9) , which seems to imply that the listeners' movements share patterns with the player's large-scale movements of expressive plucking. The fact that the arm and hand movements of the listeners are constrained by holding and moving a stick may constrain small-scale movements. However, movements of the wrist are possible, similar to conducting movements.
We further believe that the movement of the player's shoulder has an intentional component, though its precise goal may be vague. This hypothesis is based on the fact that plucking (by the right hand) provides energy to the string, which is then used for pitch sliding (by the left hand). However, during plucking, the player's attention is often focused on the pitch sliding because that action requires very precise and detailed movements.
Hence, the shoulder articulation that goes together with plucking may well be an expression of the movement pattern that has to be executed in a later stage after plucking. In that sense, the movement of the shoulder has an intentional character, rather than an executive character. Since listeners tend to move in correlation with the player's shoulder, we believe that it is justified to say that the shared expressive patterns among listeners and player contain an aspect of intentionality, although the precise goal of the movement may remain vague. Kant (1790 Kant ( /1924 already drew attention to the notion of sensus communis as the capacity for sensing goal-directeness without goal. He conceived it as the core capacity for aesthetic appreciation, which human participants share among each other.
The above findings seem to support the hypothesis (i) that listeners can decode to a certain degree the expression of the musical stimulus through corporeal articulations, and (ii), that, in some cases, these corporeal articulations may reflect the expressive articulations of the performer.
General Discussion
The ability to decode the expressive code from music through embodiment can be linked with a social component and a language component.
Indeed, one of the major effects known in social anthropology is that music contributes to the development of a personal self of young people, and that it fosters social bonding and group identity (Freeman, 2000; Gregory, 1997; Hargreaves & North, 1997) . Although this social anthropological aspect has not been addressed explicitly in the present study, our methodology of monitoring embodiment may be highly relevant in view of studies that address social music interaction. Expressive social behavior often relies on nonconscious imitation or mimicry, which shows itself in movement synchrony, behavior matching, as effectuated in speech patterns, facial expressions, emotions, moods, postures, gestures, mannerisms, and idiosyncratic movements (Bargh & Chartrand, 1999; Lakin, Jefferis, Cheng, & Chartrand, 2003; Niedenthal, Barsalou, Winkielman, Krauth-Gruber, & Ric, 2005) . Within a social group setting, a participant is more likely to get along harmoniously with others in the group if it is behaving similarly to them, compared with being "out of sync" and behaving differently. Also in the visual domain, observers are most sensitive to their own movements, compared to those of friends, and then those of strangers (Loula, Prasad, Harber, & Shiffrar, 2005) . In that context, music may be considered a particular case in which expressive behaviors are driven by a sonic source. Our study suggests that these behaviors may be partly shared, and that embodiment forms the core of this sensus communis (Kant, 1790 (Kant, /1924 for music expression. Our study suggests that music, through embodiment, can be a strong driver of social interaction. This finding is in line with recent studies on empathy and social interaction, in which the 'mirror system' plays a central role (see e.g., Gallese, 2003; Knoblich & Sebanz, 2006) .
As to language, McNeill (2005) and Gallagher (2005) have argued that hand gestures that accompany speech can be seen as a motor component of speech, necessary to create the narrative space that is shared in a communicative situation (see also Brown et al., 2006; Sparing et al., 2007) . In this approach, expressive (co)articulations of the hand are not just seen as a supplement of language, but as a component that is fully integrated with language. We believe that the result of the present study is in agreement with the hypothesis that spoken language and music have a common motor component that shows itself in expressive gesture. In both music and language, it is likely that embodiment creates a shared space for the communication of expression.
Our study suggests that the communication of an expressive code through music forms part of a mechanism where listeners, in order to bridge the semantic gap between sonic cues and meaning, embody music and thus engender a plausible or virtual action to music based on their own action repertoire (Leman, 2007) . In line with the embodied music cognition paradigm, this embodiment is based on a mirror system that is rooted in a shared neuronal basis for perception and action. Through embodied listening, music perception can be said to be grounded in the listener's subjective action repertoire and its perceived expression can be shared and signified by a community.
Conclusion
The present study developed a methodology to study the hypothesis that expressive patterns in music can be generated, perceived, and shared among player and listeners. The methodology is based on the measurement of movements, using a design in which listeners have to repeat their movement patterns in order to be sure that their coarticulations were regular or reliable.
The epistemological background for this study is rooted in the paradigm of embodied music cognition, which assumes a close relationship between perception and action through a mirroring mechanism. In this paradigm, the human body is seen as a natural mediator between subjective experience and physical reality. Corporeal coarticulations of music playing and music listening can be seen as expressions of this natural mediation.
The comparison of the movement velocity patterns suggest that listeners share their sensitivity for musical expression and that they are able to display this sensitivity through music-driven corporeal articulations. The study also revealed that the movement velocity patterns of the player's shoulder correlates with the movement velocity patterns of the listeners' arms, which suggests that their corporeal coarticulations are shared to a certain degree. Further analysis of the shoulder patterns let us believe that the sharing of musical expression has an intentional character.
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The technique can be described as follows:
Given two time series:
A = x1,x2, . . . xi . . . xn B = y1,y2, . . . yi . . . ym
The two series are arranged on the sides of a grid, (one on the top and the up the left hand side) both starting at the bottom left of the grid.
Time
APPENDIX 2.
Inside each cell the Euclidean distance is calculated for the corresponding x,y pair. To find the best match or alignment between the series a path has to be found through the grid which minimizes the total distance between the two series. The procedure for computing this overall distance involves finding all possible routes through the grid and for each one compute the overall distance.
Using optimizations and constraints reduces the number of possible paths and reduces the calculation time.
The following constraints were used in this analysis:
• Monotonic condition: the path will not turn back on itself, both the i and j indexes either stay the same or increase, they never decrease. • Continuity condition: the path advances one step at a time. Both i and j can only increase by, at most, one on each step along the path. • Boundary condition: the path starts at the bottom left and ends at the top right.
• Warping window condition: a good path is unlikely to wander very far from the diagonal. The distance that the path is allowed to wander is the window width. The maximum width was chosen to be three.
• Slope constraint condition: The path should not be too steep or too shallow. This prevents short sequences matching too long ones. The condition is expressed as a ratio p/q where p is the number of steps allowed in the same (horizontal or vertical) direction. After p steps in the same direction is not allowed to step further in the same direction before stepping at least q times in the diagonal direction.
The power of the DTW algorithm is that instead of finding all possible routes through the grid that satisfy the above conditions, the DTW algorithm works by keeping track of the cost of the best path to each point in the grid. During the calculation process of the DTW grid it is not known which path is minimum overall distance path, but this can be traced back when the end point is reached.
It is well known that one of the major disadvantages of DTW is due to the limitations of local disturbances in the series. This results in less reliable outcomes especially if the original series has a greater proportion of noise and hence a less pronounced pattern. A lower correlation of the warped series with respect to the original (Euclidean) correlation is an indicator for a low signal to noise ratio. In the guqin analysis this was found for Piece 3. Since the development of DTW (in the 1970s) other techniques, such as hidden Markov modeling and Neural Networks, have been developed to cope with this drawback of DTW.
